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A B S T R A C T
Autumnal growth cessation in non-native grass species is inadequate for sufﬁcient cold acclimation. Cold
acclimation is inﬂuenced to various degrees by growth cessation and photoacclimation. The effects of
both factors on winter survival were investigated by measuring photosynthetic activity with Handy Pea
ﬂuorimeter and leaf elongation growth rate (LER) and their effects on winter survival. Triplicate ﬁeld
trials were established at two locations in Norway: Fureneset (61 N) and Vågønes (67 N). In total, ten
entries of perennial ryegrass (Lolium perenne), Festulolium hybrids and introgression lines, and meadow
fescue (Festuca pratensis) were investigated weekly by measuring selected leaves (n = 3  10) of the
regrowth after the third harvest taken in late August in two successive years.
The results showed that the relationship between photosynthetic performance in autumn, LER and
winter survival differed between the locations. In the south (Fureneset), there was a positive correlation
between photosynthetic activity before winter and winter survival. In the north (Vågønes), there was no
correlation or even a negative correlation between photosynthetic activity before winter and winter
survival. Low photosynthetic activity in autumn was associated with a higher level of winter survival in
the north for F. pratensis cv. Norild and two northern-adapted cultivars of L. perenne. Northern-adapted
forage grasses can be assumed to have an alternative mechanism for growth inhibition, since in the north
the amount of light seems to be insufﬁcient to trigger the changes in photosynthetic apparatus that are
responsible for growth cessation in the south. Moreover, with progressing climate change, this
adaptation pattern will increasingly be required in more southerly areas of the Nordic region because the
light intensity decrease and temperature increase predicted for these areas will delay cold acclimation. ã
2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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The prolonged growing season and milder winters predicted in
climate change scenarios (ACIA, 2005) may permit wider use of
Lolium perenne L. (perennial ryegrass) and Festulolium in high
latitude regions in future. The main challenge for these non-native
species, i.e. grasses not naturally growing at these latitudes, is that
they do not cease growth in autumn early enough for successful
acclimation to the cold (Guy,1990; Thomashow, 1999; Bocian et al.,
2011). Growth cessation, i.e. reduction in leaf elongation growth* Corresponding author. Tel.: +47 40621868.
E-mail addresses: liv.ostrem@bioforsk.no (L. Østrem), rrrapacz@cyf-kr.edu.pl
(M. Rapacz), alo-la@online.no (A. Larsen), sigridur.dalmannsdottir@bioforsk.no
(S. Dalmannsdottir), marit.jorgensen@bioforsk.no (M. Jørgensen).
http://dx.doi.org/10.1016/j.envexpbot.2014.10.008
0098-8472/ã 2014 The Authors. Published by Elsevier B.V. This is an open access article unrate and biomass production, is considered to be a precondition for
proper cold acclimation, as has been characterised on a physiologi-
cal level in Brassica napus (Rapacz,1999) and on a molecular level in
Arabidopsis mutant lines (Achard et al., 2008). In grasses, growth is
reduced earlier in populations adapted to higher-latitude con-
ditions with lowering temperature during autumn (Hay and Heide,
1984).
The initial stage of cold acclimation is dependent on light, so
chloroplasts may play a central role as environmental sensors of
temperature changes during cold acclimation (Ensminger et al.,
2006; Crosatti et al., 2013). When the temperature decreases, a
relative over-reduction in PSII is observed. This may trigger cold
acclimation-related gene expression (Ndong et al., 2001), down-
regulation of growth rate (Rapacz, 1998) and acclimation of the
photosynthetic apparatus to cold (Sandve et al., 2011). Photo-
acclimation prevents or reduces the low temperature-inducedder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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the capacity for light utilisation (Huner et al., 1993), causing
increased excitation pressure within the PSII (Huner et al.,1998). The
main mechanism of photoacclimation used by plants is to balance
the energy ﬂow within the PSII. At the same time, the excitation
pressure is regulated by increasing the rate of energy utilisation or
dissipating excess energy as heat, a mechanism known as non-
photochemical quenching (Hüner et al., 2013). Thus, freezing
tolerance, avoidance of cold-induced photoinhibition and growth
cessation seem to be closely interrelated. The ability to avoid low
temperature-induced photoinhibition has also been identiﬁed as a
trait closely related to increased freezing tolerance (Huner et al.,
1998; Pocock et al., 2001; Rapacz et al., 2007).
Perennial plants adapted to high-latitude areas grow rapidly
during long days and at moderate summer temperatures, and
cease growth with a longer photoperiod than plants from southern
regions (Heide, 1974; Junttila, 1980). Studies with L. perenne have
shown that cultivars adapted to northern Europe can acclimate
better under shorter light conditions and lower growing temper-
atures than cultivars adapted to southern Europe (Lawrence et al.,
1973). Furthermore, northern ecotypes of Medicago sativa (alfalfa)
are reported to show increased winter hardiness when acclimated
at low temperatures and short photoperiods, while southern
ecotypes do not respond to the photoperiod (Hodgson, 1964). The
lesser sensitivity of southern ecotypes to cold acclimation cues
(light and temperature) is also conﬁrmed in a recent paper
(Malyshev et al., 2014). Heide (1985) concludes that many
perennial grasses adapted to high latitude environments express
speciﬁc photoperiodic effects on growth, where long days can
compensate for considerable differences in temperature.
Cultivars of L. perenne and Festulolium, i.e. natural hybrids or
hybrid-derivatives involving any Lolium and Festuca species’
combination (Ghesquière et al., 2010) grow well even in high-
latitude areas such as the Nordic region (Østrem et al., 2013), and
their high yielding and regrowth capacity are appreciated in a
prolonged growing season. Improved winter hardiness is the main
breeding objective to increase the use of these species. In
Festulolium the transfer of winter hardiness from Festuca pratensis
Huds (meadow fescue) into L. perenne, and to a lesser degree L.
multiﬂorum (Italian ryegrass), has been the main breeding
objective either in allotetraploid hybrids or by introgression
(Østrem et al., 2007; Ghesquière et al., 2010). The introduction of
such non-native species to high-latitude regions necessitates a
wide genotypic variability to identify the most suitable genotypes
for local climatic adaptation (Rapacz et al., 2014).
Current plant breeding programmes require a more precise
deﬁnition of all the characteristics contributing to winter damage
in perennial grasses. The mechanism behind winter survivalTable 1
Species origin and basic characteristics of entries used in the experiment.
Entry ID Speciesa
1 Fagerlin Lolium perenne 
2 FuRa9805 Lolium perenne 
3 Arka Lolium perenne 
4 Ivar Lolium perenne 
5 Figgjo Lolium perenne 
6 FuRs0356 Festulolium (LpFp) 
7 FuRs0467 Festulolium (LpFp) 
8 Felopa Festulolium (LmFp) 
9 FuRs0142 Festulolium (LpFp) 
10 Fure Festuca pratensis 
10 Norild Festuca pratensis 
a Denominations according to the parental origin; Lp: L. perenne, Lm: L. multiﬂorum, a
species consists of segments within the Lolium genome.
b D: diploid, T: tetraploid
c Northern and southern is related to genetic pedigree (background) and adaptationcannot be fully understood until there is understanding of the
regulation of growth cessation (Bielenberg, 2011). The genetic
variation for winter survival in L. perenne and Festulolium under
different climatic conditions has been described, and a correlation
(r = 0.7) between photosynthetic acclimation to cold and genotypic
differences in winter survival in Lolium  Festuca hybrids has been
demonstrated (Rapacz et al., 2004). The temperature rise in late
summer and early autumn predicted for the coming decades may
decrease cold acclimation ability, growth cessation and photo-
acclimation to cold (Rapacz, 2002). In high-latitude regions, these
processes will be exacerbated by decreased PSII reduction, as the
low autumn temperatures needed for cold acclimation are
expected to occur at shorter photoperiods and lower light
radiation.
The aim of the present study was to examine possible
relationships between leaf elongation growth rate and photosyn-
thetic apparatus characteristics during autumn and their effects on
winter survival at two latitudinally distinct locations in Norway. It
was hypothesised that the shortage of light energy available for
photosynthesis at the northern location during autumn would
alter the relationship between photosynthetic acclimation to cold,
growth cessation and winter survival found in more southern
regions. Cultivars and breeding materials of L. perenne and
Festulolium bred for different environments and Festulolium of
different parental origin and breeding methods were compared
with well-adapted cultivars of F. pratensis.
2. Materials and methods
2.1. Plant materials
The plant material presented in Table 1 was composed for the
study of non-native grasses of the Festuca–Lolium complex that are
of interest for future breeding in a changing climate. A diverse
plant material was needed for sufﬁcient genetic variation and
increased reliability of the results. The plant material comprised
commercial cultivars (cv.), candivars (i.e. promising new candidate
cultivars) and breeding materials of L. perenne,Festulolium and F.
pratensis. Described below as Festulolium, these are synthetic
populations originating from two breeding approaches: tetraploid
hybrids and diploid introgression materials from different parent
species. The cultivars/candivars are described below with entry
numbers as in Table 1. Cv. Fagerlin (entry 1) is a synthetic
population containing genotypes from cvs. Gunne, Svea, Valinge
(SE), Riikka (FI), Norlea (CA), Raidi (LA) and local populations
WIR20258, WIR35600 (The Vavilov Institute, RU), and RaigD2, 16-
60-1 (NO). Candivar FuRa9805 (entry 2) originates from the
surviving plants of three candivars from Northern IrelandPloidy levelb Adapt. typec Country of origin
D Northern NO
D Southern NO
D Continental PO
T Northern NO
T Southern NO
D Southern NO/UK
D Northern NO
T Continental PO
T Southern NO/UK
Southern NO
Northern NO
nd Fp: F. pratensis, with the abbreviation given as a superscript (e.g. Fp) when the
al level at Nordic climatic conditions.
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(entry 3) is a Polish commercial cultivar. Cv. Ivar (entry 4) was
mainly selected for winter survival, and was made as a synthetic
population based on half-sib families from colchicine-induced
tetraploid populations of local material (pop. Kleppe, NO) and cvs.
Barvestra (NL) and Tove (DK). Cv. Figgjo (entry 5) originates from a
seed mixture of selected plants of Polly (Lolium hybrid, DK),
WIR40697 (RU), RaigT5 (NO), and cvs. Tove and Taptoe (DK). The
following Festulolium candivars from Graminor Ltd. (NO) (entries 6,
7 and 9), were all exposed to two generations of seed propagation
before being tested. Candivar FuRs0356 (entry 6) is a synthetic
population based on plants backcrossed at IGER (now IBERS, UK)
from initial hybrids of diploid L. perenne and Festulolium cv. Prior,
described initially by Lewis et al. (1972). Following two periods of
three winters in a nursery ﬁeld at Fureneset 35 selected plants with
loloid-type panicles were the base for the candivar. Candivar
FuRs0467 (entry 7) originates from a wide germplasm pool of
several initial triploid hybrids from crosses either between the
tetraploid L. perenne population WIR40697 (RU) and F. pratensis cv.
Fure (NO) or between cv. Bastion (NL) crossed with cv. Salten, a
synthetic population originating from Bodø, northern Norway
(67N). The initial hybrids were backcrossed twice onto diploid L.
perenne cv. Gunne (SE) and cv. Riikka (FI) and for a few crosses to cv.
Norlea (CA). Progenies obtained after the second backcross were
exposed to natural selection at Kvithamar (63280N). Candivar
FuRs0142 (entry 9) originates from allotetraploid (2n = 4x = 28)
families (Ba-11356, Ba-11356-sel, Ba-11358 and Ba-11359 from
IGER, UK) which were backcrossed to tetraploid L. perenne cv.
Napoleon (DK), cv. Baristra (NL) and candivars LøRa9401 (Grami-
nor, NO) and Jo-0307 (Boreal Ltd. FI). The Polish Festulolium cv.
Felopa (entry 8) is described by Zwierzykowski (2004). The F.
pratensis cvs. Norild and Fure (entry 10) were used as controls,
being the main cultivars in the regions in which the two
experimental sites were located. Cv. Norild is a synthetic
population selected in Alta, Finnmark (NO) (69550N), from aFig. 1. Temperature (C) and radiation (W m2) during the experimental period mid-Au
(Vågønes) sites. Sampling dates are numbered and indicated by arrows.local population collected in Harstad, Troms (NO) (68470N), and
was used at the northern location (Vågønes). Cv. Fure (described
above) was used at the southern location (Fureneset).
2.2. Field location and weather data
The study locations were two coastal sites in Norway: Fureneset,
Fjaler (61180N, 5210E, 10 m a.s.l.), and Vågønes, Bodø (67170N,
14270E, 35 m a.s.l.). Day length during the year varies by several
hours between the sites. On 1 August the day length is 19 h 19 min at
Vågønes and 17 h 16 min at Fureneset, while on 1 December the
corresponding values are 3 h 20 min and 6 h 10 min. Temperature
(C) and radiation (W m2) for the experimental period (mid-August
to early December in 2011 and in 2012) at the two sites and the
sampling datesareshown inFig.1.Therewerenomajordifferencesin
weatherconditions between the years, but autumn 2011 was slightly
warmer than autumn 2012 at both sites. At Vågønes the solar
radiation was lower in 2011 than in 2012, but in autumn
2012 conditions cooled down earlier and an early snowfall stopped
growth and disturbed the leaves.
2.3. Field design and measurements
The ﬁeld trials (randomized plots within three replicates, plot
size 6 m2 per entry) were established in 2010, on 9 July at Vågønes
and 31 May at Fureneset. In 2011 and 2012 the trials were fertilised
according to local norms, receiving in total 234 and 290 kg nitrogen
ha1 year1 at Vågønes and Fureneset, respectively. The third and
ﬁnal cut was taken on 6 September 2011 and 30 August 2012 at
Vågønes and 29 August 2011 and 27 August 2012 at Fureneset in
accordance with the normal management of these species and to
obtain plant stands of the same developmental stage prior to
measurements. During the regrowth after the third cut,10 plants in
each of the three replicate plots were individually marked and leaf
elongation growth measured weekly on predetermined leaves togust to early December in 2011 and 2012 at the southern (Fureneset) and northern
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marked plants, ﬂuorescence parameters were measured on
10 plants per plot for each of three replicates. The measurements
continued until the days became short in early December 2011, or
until grass growth was inhibited by snow or cold in 2012. Winter
damage was measured as the cover (%) of live plants in spring when
grass growth had started, on 25 May 2012 and 28 May 2013 at
Vågønes and 19 April 2012 and 14 May 2013 at Fureneset.
Fureneset and Vågønes are hereafter referred to as the southern
location (in the south) and the northern location (in the north)
respectively.
2.4. Chlorophyll ﬂuorescence measurements
Chlorophyll a ﬂuorescence characteristics were studied using a
Handy Pea ﬂuorimeter (Hansatech Ltd. Kings Lynn, UK). Chloro-
phyll ﬂuorescence transient measurements followed by JIP test
analysis are a sensitive and complex method for analysing the
photosynthetic performance of plants (Strasser and Tsimilli-
Michael, 2001). By studying the energy ﬂows through single
reaction centres and leaf fragments, it is possible to estimate PSII
photochemical activity, the degree of photosynthetic apparatus
damage and photosynthetic acclimation (Maxwell and Johnson,
2000).
Light pulse intensity was set to 3000 mmol m2 s1, pulse
duration 1.0 s and ﬁxed gain (1), as described by Rapacz (2007).
On the basis of the measurements, parameters for the JIP test
(Strasser and Tsimilli-Michael, 2001) were calculated as described
by Rapacz et al. (2011). In the present paper the parameters
indicating energy distribution in photosynthetic light reactions are
presented. Parameters ABS/CS and ABS/RC indicate energy
amounts absorbed by PSII antennas. TRo/CS and TRo/RC describe
the amounts of energy trapped in PSII reaction centres. The energy
loss between absorption and trapping indicate photoinhibitory
damage in the PSII complex or some adaptive changes leading to
increased energy dissipation in antennas (e.g. xantophyll cycle).
The measure of this energy loss (Fv/Fm) is also called the maximum
quantum yield of PSII because when no other limitations of
photosynthetic activity exist, the part of absorbed light energy
equal to Fv/Fm will be available for photoassimilate biosynthesis.
The parameter Fv/Fm was used to characterise photoinhibitory
damage in the plants studied (Krause et al.,1990). The trapped light
energy can actually be used for electron transport (ETo/CS, ETo/RC)
or dissipated from PSII reaction centres (DIo/CS, DIo/RC). Thus ETo-s
can be interpreted as parameters describing photosynthetic
activity. All the energy ﬂuxes calculated in the present paper
were calculated for a single active reaction centre (RC), when
“active reaction centre” means the reaction centre from PSII in
which quinone A can be reduced when it is excited after dark
adaptation (not damaged and coupled with either oxygen evolving
complex or PQ pool). All the ﬂuxes may also be expressed for leaf
cross-section (CS). The difference between RC and CS-calculatedTable 2
Leaf elongation growth rates (LER) observed for periods of sampling dates (sd) during t
(Rad) for the sampling periods.
Location Year All period Sd 2–7 
LER Temp Rad
North (Vågønes) 2011 2.10  0.030 b 2.90  0.054 b 8.41 3.1
2012 2.73  0.101 a 2.73  0.101 b 7.88 5.1
South (Fureneset) 2011 2.85  0.045a 4.08  0.064 a 10.94 4.3
2012 1.51  0.036 c 2.35  0.047 c 8.58 4.6
Values of the single parameter marked with the same letter did not differ statisticallyparameters is that in the case of CS the presence of inactive PSII
complexes in the measurement area are taken into consideration.
2.5. Statistical analysis
The statistical signiﬁcance of the effects was analysed using
ANOVA multiple general linear model (GLM) with year, location
and entry as variables (StatSoft Inc., 2011). Sampling dates (time of
measurement) were either analysed separately or averaged for
different periods due to the variable course of the weather in both
years and at both locations. Prior to analysis, the normality of the
distribution was tested using the Shapiro–Wilk W-test. Data on
spring ﬁeld coverage were arcsine-transformed prior to analysis
due to their non-normal distribution. The statistical signiﬁcance
between means was tested using Tukey’s HSD test and the
correlation coefﬁcients were calculated in Pearson’s model.
Principal component analysis (PCA) was used for data grouping.
Among all the parameters of chlorophyll ﬂuorescence measured,
only those affected by year, location or entry were used for
component analysis.
3. Results
3.1. Leaf elongation growth rate (LER, mm day1)
LER decreased over time in both years (Table 2, Fig. 2). LER was
signiﬁcantly higher in the south than in the north (P < 0.05) in
2011, especially in the early and late period of the experiment. LER
was higher in the north than in the south in 2012 for the ﬁrst six
sampling dates (sd2–7 period). LER responded quickly to
temperature changes, and in 2011 warm spells in late October
in the south and in early November in the north gave increased leaf
growth and increased photoinhibition. Similar responses were
found in early autumn in 2012, when a drop in temperature led to a
considerable decline in LER.
When analysing LER across locations, years and sampling
dates, the entries formed four groups (A, B, C and D) (Fig. 3). Three
signiﬁcantly different groups were found; group A (entry 8-Felopa
(3.00 mm day1)) > group B (5-Figgjo, 2-FuRa9805, 9-FuRs0142
(2.26 mm day1)) > D: (1-Fagerlin, 10-Fure/Norild (1.98 mm
day1)). Group C (3-Arka, 4-Ivar, 7-FuRs0467, 6-FuRs0356
(2.07 mm day1)) was not signiﬁcantly different from group B or
D. The results presented are based on these four groups.
There were no consistent differences between entries of L. perenne
and Festulolium, and the only entry with similar accumulated
leaf growth at the two sites in 2011 was Festulolium cv. Felopa. In
the north, there were no differences between L. perenne cv.
Fagerlin and F. pratensis cv. Norild, while in the south, LER was
considerably lower in L. perenne cv. Fagerlin than in F. pratensis cv.
Fure.
There was a signiﬁcant interaction between entries and location
for the ﬁrst six sampling dates across years (P < 0.0001), even
when the entries of F. pratensis were omitted from the statisticalhe experiments (means  SE), and temperature (C) (Temp) and radiation (W m2)
Sd 8–10 Sd 11–12
 LER Temp Rad LER Temp Rad
9 1.93  0.045 a 8.17 0.66 0.79  0.026 b 5.02 0.14
2 – –
3 1.86  0.038 a 8.63 1.61 2.01  0.061 a 8.26 0.35
6 0.74  0.020 b 4.75 1.59 0.57  0.027 c 5.72 0.58
 according to Tukey’s HSD-test, P = 0.05.
Fig. 2. Changes in leaf elongation growth rate (LER) observed for four groups of plants (A–D) grouped according to their LER ranking (see Fig. 3) at the southern (Fureneset)
and northern (Vågønes) locations across both years. Means  conﬁdence intervals for P = 0.05.
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across the years showed the same relative differences in LER
between the entries for both years, but differed between locations.Fig. 3. Grouping of entries (A–D, N = 959) based on signiﬁcant different leaf
elongation rates across locations, years and sampling dates. Homogeneity groups
(Tukey’s HSD-test, P = 0.05) are marked with letters over the bars. Lp – Lolium
perenne, FL – FestuloliumNeither of the interactions Year  Entry and Year  Sampling
Date  Entry were signiﬁcant (data not shown).
3.2. Photoinhibition
In both locations and years, Fv/Fm was of similar value and
decreased during low temperature (especially freezing) episodes
in the ﬁeld (Fig. 5), resulting in an overall large decline in
photochemical efﬁciency in the north in 2012. This effect was
highest for group D entries, which in general also had the lowest
values of this parameter in the north. This may be an effect of
senescence and chlorophyll loss observed at this location (data not
shown), in contrast to Festulolium cv. Felopa (entry 8, group A),
which was characterised by the fastest LER at both locations and
the highest Fv/Fm values in the south.
3.3. Photosynthetic activity
Photosynthetic activity before winter differed at the two sites,
irrespective of entry (Fig. 6). In the north, photosynthetic activity
was much lower than in the south, particularly during the last
sampling period. Photosynthetic activity increased from Septem-
ber to November in plants in the south, but not in the north. This
may indicate that plants acclimate photosynthetically to cold only
in the south. A sudden increase in ETo/CS was observed in the south
during a week in which a temperature drop coincided with an
increase in solar radiation at the end of September 2012 (Fig. 1). A
Fig. 4. Leaf elongation rate across northern (Vågønes/V) and southern (Fureneset/F) location and years for sampling dates 2–7. Homogeneity groups (Tukey’s HSD-test,
P = 0.05) are marked with letters over the bars. N = 411.
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events was observed in mid-November 2011. In the north, F.
pratensis cv. Norild (entry 10) showed the lowest values of
photosynthetic activity when the measurements ended because of
snow cover in autumn 2012.
3.4. Correlations between growth cessation, chlorophyll-ﬂuorescence
characteristics and climatic conditions
No correlation was observed between Fv/Fm and LER. This
indicates that there was no direct relationship between LER in
autumn and avoidance of photoinhibition. However, there was aFig. 5. Changes in the efﬁciency of light-energy trapping in PSII reaction centres (Fv/Fm
plants grouped according to their leaf elongation rate (see Fig. 3). Means  conﬁdence clear relationship between LER and selected chlorophyll ﬂuores-
cence parameters, although there were large differences between
locations (Table 3). In the south, almost all electron ﬂow rates in
PSII were signiﬁcantly and negatively correlated with LER. In the
north, the correlation between the ﬂow of energy used for electron
transport (ETo/RC) and LER was positive, whereas correlations
between LER and other energy ﬂows were very weak and not
signiﬁcant, at least in year one of the study. Linear correlation
coefﬁcients between LER and mean daily temperature during
sampling dates 2–7 were signiﬁcant (P = 0.05) for all entries in the
south and for 1, 2, 4, 7, 9, and 10 in the north. Mean correlation
coefﬁcients were signiﬁcant at both locations. Linear correlation) observed at southern (Fureneset) and northern (Vågønes) locations and years for
intervals for P = 0.05. N = 30.
Fig. 6. Changes in phenomenological energy ﬂux for electron transport per leaf cross-section (ETo/CS) observed at southern (Fureneset) and northern (Vågønes) locations and
years for plants grouped according to their leaf elongation rate (see Fig. 3). Means  conﬁdence intervals for P = 0.05. N = 30.
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the same period were not signiﬁcant at any location.
3.5. Plant responses during autumn
PCA analysis of three highly independent parameters, i.e. LER,
ETo/CS and Fv/Fm, showed that the results were clearly groupedTable 3
Linear correlation coefﬁcients between leaf elongation rate and chlorophyll
ﬂuorescence parameters. Values were calculated on the basis of mean values for
Entries  Sampling dates (weeks 2–7). N = 50. Each mean was calculated from about
300 individual measurements.
Chlorophyll ﬂuorescence parametera Leaf elongation rate
South (Fureneset) North (Vågønes)
2011 2012 2011 2012
Fv/Fm 0.149 0.122 –0.059 0.227
ABS/CS –0.558* –0.879* –0.111 –0.294*
TRo/CS –0.580* –0.874* –0.115 –0.150
ETo/CS –0.343* –0.807* 0.277* 0.209
DIo/CS –0.437* –0.846* –0.076 –0.369*
ABS/RC –0.346* –0.660* 0.108 –0.112
ETo/RC 0.149 –0.123 0.677* 0.558*
TRo/RC –0.317* –0.663* 0.099 0.434*
DIo/RC –0.300* –0.602* 0.099 –0.327*
a For explanation of the parameters, see Section 2.4.
* Values of the coefﬁcient statistically signiﬁcant for P = 0.05.according to location and sampling date. Thus, temperature
differences mainly explained more of the variation than the entry
did (Fig. 7). The PCA analysis suggested that LER and properties ofFig. 7. The result of principal component analysis for leaf elongation rate (LER), ETo/
CS and Fv/Fm based on means for two years for the measurements taken at sampling
dates 2–7 (the third week of September and the fourth week of October), which are
common for both years, and locations (southern: Fureneset; northern: Vågønes)
were considered. Entries are explained in Table 1.
Fig. 9. The relationship between mean energy ﬂow for electron transport during
the autumn (ETo/CS) and ﬁeld coverage in the spring at southern (A: Fureneset) and
northern (B: Vågønes) locations. Data from 2011/12 are indicated with closed
symbols and from 2012/13 with open symbols. Correlation coefﬁcients (r) are
presented for all the entries with the exception of F. pratensis (in parentheses).
Values of r statistically signiﬁcant at P = 0.05 are asterisked (based on the means for
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autumn in all entries investigated at both locations.
3.6. Correlations between autumn parameters and winter survival
At both locations a negative correlation was observed between
LER during autumn and overwintering of plants measured as ﬁeld
coverage in spring (Fig. 8). However, this relationship was
statistically signiﬁcant only in the south, probably due to the very
small variation in ﬁeld coverage during spring 2012 and in LER
during autumn 2012 observed in the north. A positive correlation
between photosynthetic activity before winter (ETo/CS) and LER
was observed in the north, whereas in the south this correlation
was negative (Table 3). When photosynthetic activity before
winter was correlated with winter survival measured as ﬁeld
coverage in spring the following year, a positive correlation was
observed (Fig. 9). This relationship was statistically signiﬁcant
except for the second year of the experiment in the north. When F.
pratensis (entry 10) was excluded from the analysis, the value of
correlation coefﬁcients increased greatly. This response indicates
that F. pratensis was characterised by different relationships
between photosynthetic activity before winter and winter survival
compared to other entries, especially in the north. Here F. pratensis
cv. Norild had the highest ﬁeld coverage in the spring and very low
values of ETo/CS. This was conﬁrmed by PCA analysis (Fig. 10).
The highest contrasts in chlorophyll ﬂuorescence parameters
measured in late autumn were observed between F. pratensis
(entry 10) and the remaining entries investigated, irrespective of
location (supplementary material). F. pratensis cv. Norild (entry 10)
grown in the north was characterised by higher energy ﬂuxes for
energy dissipation (DIo/RC, DIo/CS) and a higher amount of energy
absorbed by the single, active PSII reaction centre (ABS/RC) and by
the leaf cross-section (ABS/CS). In addition, in the south F. pratensisFig. 8. The relationship between leaf elongation growth in autumn and ﬁeld
coverage in the spring in the south (A) and the north (B). Data from 2011/12 are
indicated with closed symbols and from 2012/13 with open symbols. Correlation
coefﬁcients (r) values statistically signiﬁcant at P = 0.05 are asterisked (based on the
means for separate experimental plots). Entries explained in Table 1.
separate experimental plots). Entries explained in Table 1.cv. Fure (entry 10) had the highest energy ﬂux for energy trapping
in PSII (TRo/CS). In the north, energy ﬂux for electron transport
(ETo/CS), which is an indicator of photosynthetic activity, was
highest for FuRs0142 (entry 9), while F. pratensis cv. Norild (entry
10) showed some of the lowest values recorded for this parameter.
Three parameters with very contrasting data, namely LER, ETo/CS
and ABS/RC, were used for grouping entries according to mean
values for sampling dates 2–7 across years (Fig. 10). The PCA
analysis clearly demonstrates the difference between locations,Fig. 10. The result of principal component analysis for leaf elongation growth rate
(LER), ETo/CS and ABS/RC based on means for two years, sampling dates 2–7 (the
third week of September and the fourth week of October) and locations (southern:
Fureneset; northern: Vågønes). Entries are explained in Table 1.
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pratensis cv. Norild (entry 10) at the northern location as a
combined effect of very low LER, low photosynthetic activity and
high effectiveness of light energy absorption (ABS/RC) (Supple-
mentary material). A very similar complex of traits was observed in
two northern-adapted L. perenne cultivars, cv. Fagerlin (entry 1)
and cv. Ivar (entry 4). The opposite situation, i.e. similar not only in
the north but also in the south, was observed for the Polish
Festulolium cv. Felopa (entry 8).
4. Discussion
The results obtained suggest that climate change with warmer
autumns could cause problems with cold acclimation and winter
survival at higher latitudes in non-native grass species that have
been introduced into Scandinavian grassland in recent decades.
The process of adaptation is slow, and L. perenne and Festulolium
may be regarded as species which are distinct different concerning
plant development and persistency compared to the native Phleum
pratense (timothy), which is the main grassland species and is well
adapted to the very variable climatic growing conditions (Østrem
et al., 2013). Many reports conﬁrm the close connection between
photoacclimation to cold, the increase in freezing tolerance and
other winter-hardiness characteristics in forages. However, the
effects of low light level and decreased PSII reduction during
autumn at higher latitudes were not sufﬁciently explained.
4.1. Leaf elongation rate (LER)
The consistent similarities in LER between the entries of L.
perenne and Festulolium indicate that there are similar mechanisms
behind growth cessation in the two species as demonstrated in the
PCA analyses (Fig. 7). Festulolium cv. Felopa (entry 8, group A) is
adapted to a far more southern climate than that of the current
experiment, and it did not show the temperature and light
response to growth cessation exhibited by the more northern-
adapted entries, resulting in poor winter survival (Hay and
Pedersen, 1986). Group D, on the other extreme, consisted of
the well-adapted cultivars of F. pratensis (cv. Norild and cv. Fure,
entry 10) and the northern-adapted L. perenne cv. Fagerlin (entry
1). Cultivar Fagerlin responded to changes in light and temperature
in the autumn by reducing growth, in contrast to the other entries.
4.2. Lower photosynthetic activity in the north
No major differences between the locations were seen in light
energy trapping efﬁciency, indicating that the plants demonstrated
increased efﬁciency in photoinhibition avoidance (Fig. 5). This
photoinhibition avoidance may be the result of increased
dissipation of photochemical energy (DI/CS) for example, as was
observed in F. pratensis cv. Norild and cv. Fure (Supplementary
material). Photosynthetic activity (ETo/CS) (Fig. 6) was lower and
also more stable in the north than in the south, where the higher
temperature in the south possibly caused the observed variation.
This suggests a form of metabolic cessation in the north, which was
visible even before the start of measurements in year one.
4.3. Light limitation in the north
In the south, LER seemed to be correlated with the non-
photochemical quenching of excess light energy, expressed by the
negative correlations with ABS/CS and TRo/CS (Table 3). This
conﬁrms the close relationship between winter survival and
photoacclimation, as reviewed by Hüner et al. (2013). In the north,
LER was in general limited by the photochemical energy supply,expressed by the high correlation with ETo/RC, and without over-
reduction of PSII. Low amounts of light in the north did not cause a
sufﬁcient reduction in PSII to trigger photosynthetic acclimation to
cold and a decrease in LER (Ensminger et al., 2006). The clear
positive effect of slow LER on winter survival measured as spring
coverage, which was also observed in the north (Fig. 8), suggests
that there are different mechanisms (not linked to PSII excitation
pressure) triggering autumnal growth cessation in the north. A
decline in LER as a response to decreasing photoperiod and amount
of light, is thus seen in northern-adapted entries only: L. perenne cv.
Fagerlin (entry 1) and cv. Ivar (entry 4), and especially F. pratensis
cv. Norild (entry 10). Slow LER was not accompanied by photo-
acclimation in the north. Only in the case of F. pratensis cv. Norild
was slow LER connected with increasing light energy dissipation in
PSII (Supplementary material). The distinct differences between F.
pratensis and the remaining entries (Fig. 10) in relation to
photosynthetic activity in the autumn and plant survival in the
following spring were probably the effect of a more efﬁcient
mechanism of non-photochemical light energy quenching of the
excess light energy observed in F. pratensis cultivars compared with
entries of L. perenne and Festulolium, as reported by Humphreys
et al. (2007), and/or a simple effect of higher winter hardiness. In
contrast to F. pratensis cv. Norild (entry 10), its counterpart cv. Fure
did not show a similar response in the south as cv. Norild did in the
north. These results indicate that growth cessation in cv. Fure is
dependent on temperature rather than daylength. Such differences
between southern and northern-adapted cultivars are generally
observed in farmers’ ﬁelds.
In trees and shrubs, including evergreens, autumnal growth
cessation is triggered by decreasing day length (see Heide, 1985).
Similar effects may be found in northern-adapted Lolium–Festuca
grasses, especially those of the allotetraploid type in which
northern-adapted F. pratensis is included as a parent. Although
conﬁrmation of the presence of a similar mechanism in grasses is
lacking, some indirect evidence is available. F. pratensis exhibits a
very strong induction of non-photochemical quenching as a
mechanism of photosynthetic acclimation to cold (Rapacz et al.,
2004; Humphreys et al., 2007), as was also observed in the present
experiment. This mechanism of photosynthetic acclimation is
photoperiodically controlled in woody plants (Heide, 1985), with
some exceptions in the Rosaceae family, such as apple and pear
(Heide and Prestrud, 2005). In conifers too, temperature rather than
photoperiod has a major impacton the timing of seasonal changes in
photochemical efﬁciency (Ensminger et al., 2006). In the present
study, F. pratensis cv. Norild showed a strong correlation between
(low) LER and (low) photosynthetic activity (Table 3). Although it
cannot be stated categorically that there is a direct relationship
between increased dissipation of light energy in autumn and
growth cessation, both factors may be regulated by short
photoperiod in autumn. As stated previously, a high photosynthetic
rate at low temperatures is important for the development of frost
tolerance in temperate grasses (Huner et al., 1993, 1998). Harrison
et al. (1997) show that a hardy cultivar of L. perenne has a higher
photosynthetic rate at low temperature than a susceptible cultivar.
It can therefore be assumed that maintaining high photosynthetic
activity may be more important in the north in the anticipated
future climate, as a shortage of photoassimilates may lead to a lower
winter survival of plants, which in this study comprised all entries
except 1, 4 and 10. This shortage of photoassimilates may become
more serious with higher autumn and winter temperatures and a
lower light regime, since light is the basic requirement for
photoassimilation (see Gray et al., 1997). Maintaining high
photosynthetic activity is important to ensure reserve accumula-
tion before rapid photoperiodic reduction as a process occurring
simultaneously with photoacclimation.
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The results indicate two major problems that may occur in
plants growing at the latitudes of the Nordic region. With predicted
winter climate change, the pattern of adaptation, i.e. with
photoperiodically-limited growth rate, combined with photosyn-
thetic activity in autumn, as found in L. perenne cv. Fagerlin, will be
increasingly required in more southerly regions too, especially
with the predicted temperature increase and decrease in light
amount (clouds) due to increased precipitation and shorter
photoperiods (Hanssen-Bauer et al., 2009). In such conditions,
no signal connected to PSII excitation will be sensed in autumn and
fast-growing, southern-adapted plants may exhibit decreased
winter survival. During the warmer autumns in the north already
experienced in recent decades (DNMI, 2014), cold acclimation is
taking place at lower levels of light energy than previously, during
which the PSII excitation pressure is low and therefore the
increased light energy dissipation triggered by short days is less
important for photoinhibition avoidance. This mechanism can
limit photosynthetic activity while the respiration rate is still high,
which may be unfavourable for the carbohydrate status of the plant
and overwintering (Østrem et al., 2011).
Climatic adaptation involves increasing tolerance to several
stresses on the plants imposed by the environment. The climatic
change scenarios seen on a global scale predict an extended
growing season in the north in future, narrowing that of UK and
maritime Europe today. The major difference between 50, 60 and
70N is the decreasing radiation and photoperiod in the autumn
and the plants’ ability to cope with the combination of light and
temperature over years. With rapid changes from summer to
winter, photoperiodic control may be more reliable than tempera-
ture for triggering cold acclimation as opposed to temperature as a
stimulus for hardening in more unpredictable weather (Eagles,
1989). Since breeders have to choose one of these adaptational
strategies, for the high north a photoperiodical response combined
with a moderate or sufﬁcient photosynthetic activity which may
exploit a warm autumn without depleting its reserves before
winter, would be beneﬁcial.
5. Conclusions
Predicted climate change in the high north may delay cold
acclimation, as it will take place when the days are shorter,
resulting in reduced winter survival in grassland species. The
results indicated that in the north, the amount of light is
insufﬁcient to trigger the changes in photosynthetic apparatus
that are responsible for growth cessation in the south. This pattern
of adaptation implies that future grass breeding programmes for
non-native species should pay more attention to selecting
genotypes with photoperiodically-controlled growth cessation
which also maintain photosynthetic activity in the autumn. With
progressive climate change, this pattern of adaptation will also be
required in more southerly areas of Scandinavia due to the
temperature increase and light amount decrease predicted for
these areas. The clear relationship observed here between photo-
acclimation and leaf elongation growth rate indicates that
ﬂuorescence recording might be a valuable tool for the early
selection of non-native grasses for high latitude regions.
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